Introduction Previous studies had shown that sagittal spinal and pelvic morphology may be associated with the development and progression of adolescent idiopathic scoliosis, but the predictive value of initial spinal and pelvic morphology on the curve progression during brace treatment is unknown. The objective of this study was to evaluate the relation between initial spinopelvic morphology and the risk of curve progression of adolescent idiopathic scoliosis with the Milwaukee brace. Materials and methods From 2002 to 2007, adolescent idiopathic scoliosis (single thoracic curve with apex at or above T8) was treated with the Milwaukee brace in 60 girls. Initial standing, full-length lateral radiographs were made and seven sagittal radiographic parameters of spinal and pelvic alignment were measured. Patients were followed until skeletal maturity or progression of Cobb angle [45°. The progression of curve was defined as an increase of Cobb angle C6°at final follow-up or progression to surgery during brace treatment. Results The 45 patients (75.0 %) who had successful control of curve progression were initially significantly more skeletally mature (higher mean Risser sign) than the 15 patients (25.0 %) who had curve progression. The initial mean Cobb angle was similar between the stable and progressed groups. The mean pelvic tilt, T1-spinopelvic inclination and T9-spinopelvic inclination angles were significantly greater in the stable group than in the progressed group and these three angles were independent predictors for curve progression during brace treatment. There were no significant differences between the stable and progressed groups in initial mean pelvic incidence, sacral slope, thoracic kyphosis or lumbar lordosis angles. Pre-bracing pelvic tilt B-0.5°was strongly predictive and T1-spinopelvic inclination B3.5°was moderately predictive of curve progression during the Milwaukee brace treatment. Conclusions Initial pelvic tilt and spinopelvic inclination angles may predict the curve progression and treatment outcome of adolescent idiopathic scoliosis with the Milwaukee brace.
Introduction
Adolescent idiopathic scoliosis is a 3-dimensional deformity of the torso consisting of lateral curvature of the spine and vertebral rotation [34] . It affects approximately 1-3 % of adolescents and is more common in girls [18] . The Milwaukee brace is frequently used for non-operative treatment of mild to moderate immature adolescent idiopathic thoracic scoliosis where the apex is at or above T8 [17] . The brace may guide spinal growth and stop deterioration of the deformity. In some patients who use the Milwaukee brace the natural history of scoliosis can be changed and surgery can be avoided [16] . However, the Milwaukee brace may fail to control curve progression in 22-28 % patients [5, 16] . Curve progression and effectiveness of brace treatment are determined by the patient's age, sex, curve magnitude, curve pattern, and pubertal status [29, 30, 35] .
Sagittal spinal alignment and pelvic morphology may contribute to the development and progression of adolescent idiopathic scoliosis [9, 19, 32, 36] . Disproportionate growth of the anterior and posterior spinal columns during the pubertal growth spurt, which contributes to vertebrae malalignment in the sagittal plane may cause spinal buckling and curve formation [9] . Thoracic hypokyphosis from anterior column overgrowth may be associated with faster curve progression in patients with adolescent idiopathic scoliosis [36] .
Furthermore, the morphology of the pelvis and the relative position of the pelvis to the spine may influence sagittal spinal alignment and balance [1, 2, 7, 8, 21, 26, 27] . Pelvic incidence (which is the angle measured on a lateral radiograph between the perpendicular to the sacral plate and the line joining the midpoint of the sacral plate and the axis of the femoral heads) is significantly greater in patients who have adolescent idiopathic scoliosis than those who do not have scoliosis [32] . Abnormal sagittal profile may contribute to instability of the spine under self-gravity compression resulting in scoliosis development and progression [10] .
Little information is available about the effect of spinopelvic morphology on the control of curve progression during brace treatment in patients with adolescent idiopathic scoliosis. We hypothesized that spinopelvic morphology may influence the outcome of treatment of scoliosis with the Milwaukee brace. The purpose of this radiographic study was to determine the value of spinopelvic morphologic parameters on predicting curve progression during the Milwaukee brace treatment in girls with adolescent idiopathic thoracic scoliosis.
Materials and methods

Subjects
All female patients who had a diagnosis of adolescent idiopathic scoliosis and were treated with a Milwaukee brace between 2002 and 2007 were considered for inclusion in the study. The inclusion criteria were: (1) single thoracic curve with apex at or above T8 (Cobb angle 25°-40°) [17, 25] , (2) treatment with Milwaukee brace without any specialized attachments, (3) initial age at bracing 10-15 years, (4) initial Risser sign 0-2, (5) either premenarche or less than 1 year postmenarche, (6) no previous treatment for scoliosis, (7) compliance ratio (defined as the ratio of the actual daily bracing time to the recommended daily time) C75 % [24] , (8) follow-up until either skeletal maturity or progression of scoliosis (Cobb angle [45°and surgery recommended). Patients with a diagnosis of non-idiopathic scoliosis from congenital, neuromuscular or other connective tissue diseases were excluded from the study. The study was approved by the Clinical Research Ethics Committee of the hospital.
Each patient had been instructed to wear the Milwaukee brace 22 h per day, allowing 2 h for athletic activity and personal hygiene. The brace was checked and adjusted as necessary at the outpatient clinic every 3-6 months. Tapering the brace was started when growth had ceased (less than 1 cm change of height between two consecutive visits with at least 6 months apart) and the iliac crests were ossified (Risser grade 4) [25] .
The patients were organized into two groups according to the final outcome of brace treatment [37] . The stable group included patients for whom the thoracic curve had \6°progression from the time of initial brace prescription to the final follow-up. The progressed group included patients with poor results of treatment evidenced by an increase of the Cobb angle C6°from initial brace prescription to the final follow-up or curve progression for which surgical treatment was indicated.
Patient evaluation
The medical records and radiographs of all patients were reviewed. Full-length standing posteroanterior and lateral radiographs were made. The patients stood upright in a relaxed manner with the fingers of both hands placed on the ipsilateral clavicles and the upper arms abducted to approximately 45°from vertical. Forced or unnatural positions were avoided. The Risser sign was noted on each radiograph. All medical records and radiographs were reviewed by the first author who was not involved in the treatment of the patients. In order to evaluate the measuring precision, all measurements were performed twice with an interval of at least 4 weeks using a standard computer program that provided appropriate tools (Surgimap Spine Software, New York, USA). The femoral heads were assumed to be spherical and the centers of the femoral heads were in turn automatically computed.
Radiographic parameters of alignment of the pelvis (three parameters) and spine (four parameters) in the sagittal plane were measured on each lateral radiograph:
1. Pelvic incidence defined as the angle between the perpendicular to the sacral plate and the line joining the midpoint of the sacral plate and the axis of the femoral heads [23] (Fig. 1 ). 2. Sacral slope defined as the angle between the horizontal line and the sacral plate [23] (Fig. 1 ). 3. Pelvic tilt defined as the angle between the vertical line and the line joining the midpoint of the sacral plate and the axis of the femoral heads (positive when the hip axis lies in front of the sacral plate midpoint) [23] (Figs. 1, 2 ).
4. Thoracic kyphosis defined as the angle between the upper endplate of the T5 vertebra and the lower endplate of the T12 vertebra (negative when the curve is lordotic and positive when the curve is kyphotic) [22] . 5. Lumbar lordosis defined as the angle between the upper endplate of the L1 vertebra and the upper endplate of the S1 vertebra [22] . 6. T1-spinopelvic inclination defined as the angle between the vertical line and the line joining the center of T1 vertebra and the axis of the femoral heads (positive when the hip axis lies in front of the T1 vertebral center) [28] (Figs. 1, 2 ). 7. T9-spinopelvic inclination defined as the angle between the vertical line and the line joining the center of T9 vertebra and the axis of the femoral heads (positive when the hip axis lies in front of the T9 vertebral center) [28] (Fig. 1 ).
Data analysis
Mean values of the two measurements were used. The data were analyzed using statistical software (SPSS 13.0, SPSS Inc., Chicago, IL). Average values were reported as mean ± SD. Summary statistics from analyses of variance calculations were used to provide 95 % prediction limits for the error in measurements. Independent samples' t tests were performed to compare age, Risser sign, Cobb angle, and spinopelvic parameters between the stable and progressed groups. Bivariate correlation tests were done between age, Risser sign, Cobb angle, and spinopelvic parameters. Spearman correlation coefficients were determined to compare the ordinal variables such as Risser sign. Pearson correlation coefficients were determined to compare continuous variables. Multivariate regression analysis was performed to compare spinopelvic parameters between the stable and progressed groups. Statistically significant differences were defined by P \ 0.05. Receiver operator characteristic analysis was done to assess the diagnostic usefulness of different variables for predicting curve progression during brace treatment. For each variable, all possible cut points were selected and the sensitivity and specificity of each cut point were calculated. Receiver operator characteristic curves were then created by plotting the true positive fraction against the false positive fraction for each of the cut points. The area under the receiver operator characteristic curve was a measure of the diagnostic power of the variable, values that were either close to 1.0 (high) or 0.0 (low) suggested strong diagnostic power of the variable, and values close to 0.5 indicated that the variable was no more predictive than random chance [6] . 
Results
There were 60 girls with adolescent idiopathic scoliosis included in the study and most patients were in the stable group (Table 1) . The mean age at presentation was 13.0 ± 1.0 and 12.4 ± 1.1 years for the patients in the stable and progressed group, respectively (P [ 0.05). The average follow-up duration was 3.5 years (range 0.9-6.3 years) for all patients.
At the initial evaluation (before brace treatment), the patients in the stable group had on average more advanced skeletal maturity (higher average Risser sign) than patients in the progressed group, but both groups had similar initial mean Cobb angle ( Table 1 ). The initial mean pelvic tilt, T1-spinopelvic inclination, and T9-spinopelvic inclination were significantly greater in the stable group than the progressed group (Table 1) . There were no differences between the stable and progressed groups in initial mean pelvic incidence, sacral slope, thoracic kyphosis or lumbar lordosis (Table 1) .
Bivariate correlation analysis showed that in all patients, age and Risser sign at initial evaluation were inversely associated with sacral slope and lumbar lordosis and age and Risser sign at initial evaluation were positively associated with pelvic tilt (Table 2) . In all patients, initial age was also positively correlated with T1-and T9-spinopelvic inclination (Table 2 ). In the stable group, age and Risser sign at initial evaluation were inversely associated with sacral slope and lumbar lordosis and age and Risser sign at initial evaluation were positively associated with pelvic tilt (Table 2 ). In the progressed group, Cobb angle at cinitial evaluation was inversely related to T1-and T9-spinopelvic inclination (Table 2) . NS not significant (P [ 0.05) Fig. 3 Receiver operator characteristic curve for pre-bracing pelvic tilt. Each point is a cut point for pelvic tilt at which the sensitivity and specificity for predicting the failure of bracing is evaluated Fig. 4 Receiver operator characteristic curve for pre-bracing T1-spinopelvic inclination. Each point is a cut point for T1-spinopelvic inclination at which the sensitivity and specificity for predicting the failure of bracing is evaluated
In consideration that the differences of sagittal morphology between the stable and progressed groups may be attributed to the differences of skeletal maturity (Risser sign) between the two groups, we subsequently performed multivariate regression analysis to statistically separate Risser sign from significant spinopelvic parameters (pelvic tilt, T1-and T9-spinopelvic inclination) as independent factors in predicting curve progression. Multivariate regression analysis showed that, after the adjustment for Risser sign and Cobb angle, the stable and progressed groups still differed significantly in initial pelvic tilt, T1-spinopelvic inclination and T9-spinopelvic inclination (Table 3) .
Receiver operator characteristic analysis showed that pre-bracing pelvic tilt B-0.5°was strongly predictive of curve progression during the Milwaukee brace treatment (sensitivity 64.3 %, specificity 83.3 %, area under curve 0.766, P \ 0.01) (Fig. 3) . Pre-bracing T1-spinopelvic inclination B3.5°also was predictive of curve progression during the Milwaukee brace treatment (sensitivity 64.3 %, specificity 71.4 %, area under curve 0.696, P \ 0.05) (Fig. 4) . Although the pre-bracing T9-spinopelvic inclination B6.5°was an indicator of increased risk for the progression of scoliosis (sensitivity 92.9 %, specificity 40.5 %), this cut point was only weakly predictive and not significant (area under curve 0.651, P [ 0.05) (Fig. 5) .
Discussion
The significant associations demonstrated between progression of scoliosis and initial pelvic tilt, T1-spinopelvic inclination and T9-spinopelvic inclination (Table 3) are evidence in support of the hypothesis that initial spinopelvic morphology may influence the treatment outcome of scoliosis with the Milwaukee brace. The frequency of stable (75.0 %) and progressed (25.0 %) curves after treatment observed with the Milwaukee brace (Table 1) was consistent with that reported previously [5, 16] .
The prognostic evaluation of brace treatment for patients with adolescent idiopathic scoliosis requires an understanding of risk factors associated with curve progression. Initial age, skeletal maturity and curve magnitude are of prognostic value in predicting the outcome of brace treatment [29, 35] . The current study specifically focused on the role of the initial spinopelvic morphology as a prognostic factor for curve progression during the Milwaukee brace treatment.
In the presence of sagittal malalignment, pelvic tilt may be a compensatory factor to maintain an energy efficient posture and to keep the spine upright [13, 14] . In the present study, initial pelvic tilt was significantly less in the progressed group than in the stable group (Table 1 ; Figs. 1, 2) . Pelvic tilt angle and skeletal maturity (Risser sign) were positively correlated (Table 2 ) consistent with previously published results [21, 22] . Furthermore, controlling for Risser sign, initial pelvic tilt angle was significantly different between the stable and progressed groups (Table 3) and a pre-treatment pelvic tilt angle of B-0.5°was strongly associated with an increased risk of curve progression during brace treatment (Fig. 3) , confirming that initial pelvic tilt is an independent factor that may predict success or failure of treatment with the Milwaukee brace. This is consistent with the principle of the compensatory action of pelvic version [3, 12] , anteversion of the pelvis (decreased pelvic tilt angle) may cause malalignment of the spine in sagittal plane bringing the apical region of the thoracic curve relatively anterior to the hip axis and this may exert a potentially adverse biomechanical effect on the apical region resulting in increased axial rotational instability and curve progression during brace treatment [10, 15] .
The T1-and T9-spinopelvic inclination angles have been used for assessment of the balance and trunk inclination of the sagittal spine [28] . These two angular parameters help avoid error inherent with other parameters that are based on measurement of offset length on non-calibrated radiographs [28] . Initial T1-and T9-spinopelvic inclination angles were significantly smaller in the progressed than the stable group (Table 1) , even after adjustment for Risser sign and Cobb angle (Table 3) , but the T1-spinopelvic inclination angle (B3.5°) and not the T9-spinopelvic inclination angle, was significantly (albeit weakly) predictive of curve progression during the treatment with the Milwaukee brace (Figs. 4, 5) . The T1-spinopelvic inclination angle is a measure of the position Fig. 5 Receiver operator characteristic curve for pre-bracing T9-spinopelvic inclination. Each point is a cut point for T9-spinopelvic inclination at which the sensitivity and specificity for predicting the failure of bracing is evaluated Eur Spine J (2012) 21:2050-2058 2055 of the T1 vertebra in relation to the pelvis through the hip axis, a smaller T1-spinopelvic inclination angle is noted for patients in whom the femoral heads are closer to a plumb line from the T1 vertebra with a shorter lever arm from the vertical to help maintain balanced forces around the hip joint. Therefore, the smaller mean T1-spinopelvic inclination angle noted in the progressed group (Table 1) may be secondary to pelvic anteversion (lower pelvic tilt angle) and may not be of primary importance. Previous studies have shown varied results about the effect of thoracic kyphosis on progression of scoliosis curves. Thoracic hypokyphosis may be a risk factor for scoliosis curve progression based on the ''anterior column overgrowth'' theory and the results of histomorphometric and magnetic resonance imaging studies that showed disproportionate growth of the anterior and posterior vertebral columns in patients with adolescent idiopathic scoliosis [9, 38] . The progression velocity of scoliosis curves may be greater in patients with thoracic hypokyphosis than those with normal thoracic kyphosis [36] , but in another study, thoracic kyphosis was not associated with either the severity of scoliosis at the time of diagnosis or the risk of progression of scoliosis [4] . The present results showed no difference in mean thoracic kyphosis angle in the stable and progressed groups (Table 1) . Differences between study results may in part be attributed to different population samples the previous studies [4, 36] included a variety of curve types (thoracic, thoracolumbar, and lumbar curves), but the present study included only single thoracic curves. Although thoracic hypokyphosis may be associated with progression of untreated adolescent idiopathic scoliosis (natural history), it may not be a prognostic factor in predicting curve progression during treatment of single thoracic curves with the Milwaukee brace ( Table 1) .
Pelvic morphology may influence sagittal spinal alignment and balance [10, 12] . A previous multicenter radiographic study demonstrated that pelvic incidence is greater in patients with adolescent idiopathic scoliosis than normal adolescents [32] possibly as a result of altered spinopelvic morphology. However, no difference in mean pelvic incidence angle was observed between the stable and progressed groups in the present study (Table 1) , and values of the pelvic incidence angle in the present study were smaller than those reported previously [19, 32] .
It has been well recognized that pelvic tilt (PT) ? sacral slope (SS) = pelvic incidence (PI) [13] . With a fixed value of PI, the increase of PT equals to the decrease of SS vice versa. However, in the current study only PT was found to be significantly different between the stable and progressed groups, neither was PI nor SS. In our opinion this could be attributed to the statistical evaluation. Though the independent samples t tests showed that there was no statistical differences of PI and SS between the two groups, the stable group seemed to have a higher PI and a lower SS, whereas the progressed group seemed to have a lower PI and a higher SS (Table 1) . These subtle differences of PI and SS between the two groups may not be able to be detected by statistical analysis due to the limited amount of subjects we included, but could potentially cause a cumulative effect on the value of PT via the arithmetical interrelationship of the three parameters (i.e., PT = PI-SS) magnifying the differences of PT between the stable and progressed groups. Moreover previous studies have reported that PI could slightly increase during the pediatric growth, but the trend was very small even in a large group of subjects with a vast range of age from 3 to 18 years [20, 21] . Therefore it was possible to find that PI was mildly greater in the stable group (because the subjects in the stable group were more skeletally mature), but could not be identified as statistically different between the stable and progressed groups, which, in spite of small sample capacity may also be attributed to the limited range of age distribution (10-15 years) in the current study. Based on our results, we regarded that PT (but not PI or SS) possessed preferable clinical relevance and could be used as a predictive factor in curve progression. Further studies with large sample capacities should be conducted in a like manner to verify the logic of our findings.
The present results showed that curve progression during brace treatment was associated with initial lower Risser grade (Table 1 ) consistent with the findings of previous studies [16, 33] . Brace treatment may not prevent curve progression in the child who is younger (\12 years) and has lower Risser grade (\2) when brace treatment is started [33] and frequency of surgical treatment for scoliosis is higher in patients who are less skeletally mature (Risser sign 0-1) at the time of bracing than patients who are more skeletally mature (Risser sign 2-4) [16] . Previous studies of patients with different scoliosis curve patterns showed that patients who have a larger initial Cobb angle are more likely to have curve progression during brace treatment [11, 31] ; however, the initial Cobb angle was not a predictor of curve progression in the present study (Table 1) possibly, because the present patients all had the same initial curve pattern (single thoracic curve) limiting the comparison with previous studies of patients with varied initial curve patterns.
One limitation of the present study is that only one type of bracing was studied; the Boston-type based brace should be studied in a like manner to verify our findings. Another limitation of the present study is the lack of consideration of the immediate effect on pelvic version by bracing. Though each Milwaukee brace was individualized and custom made to make sure that the pelvic module had no extra force on the pelvis, there was still a minute possibility that the pelvic version might be a little bit influenced by wearing the brace. However, in consideration that increased radiation exposure may pose more adverse influences on the immature AIS patients, we did not perform extra lateral radiographs of the patients with the brace on and investigate the effects of Milwaukee brace on the sagittal profile.
Conclusion
Initial pelvic tilt and spinopelvic inclination angles may predict the success or failure of controlling curve progression in adolescent idiopathic scoliosis with the Milwaukee brace. Pre-bracing pelvic tilt B-0.5°was strongly predictive and T1-spinopelvic inclination B3.5°was moderately predictive of curve progression during the Milwaukee brace treatment. Special attention and particular consultation should be given to the patients who have a lower initial pelvic tilt (B-0.5°) or T1-spinopelvic inclination (B3.5°) before and during the Milwaukee brace treatment.
